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Abstract
The growth characteristics of three Rumex  species were determined under different solution oxygen 
concentrations in hydroculture. These species all occur in a river foreland ecosystem and they were 
found to differ in their flood tolerance. The flood-tolerant R. maritimus and R. crispus developed a 
large num ber of new, aerenchymatous roots within a short period under low solution oxygen 
concentrations. Biomass production was not affected. In the flood-intolerant R. thyrsiflorus, however, 
only few slow-growing new roots were developed and biomass production was significantly reduced at 
solution oxygen concentrations below 2% (v:v). These different responses could be partly explained by 
a differential aerenchyma formation in new roots of the flood-tolerant species. Aerenchym a can relieve 
the oxygen stress of the root systems via internal aeration.
ITie fast developm ent of new roots of the flood-tolerant R. maritimus and R. crispus after the onset of 
anaerobiosis coincided with the reduction or cessation of growth of the primary roots. Notwithstanding 
the cessation of growth, however, primary roots of both species were able to recover following 
restoration of aerobic conditions after a 13-day anaerobic period. However, the roots of R . thyrsiflorus 
ceased growing very soon after the onset of anaerobiosis. All had died within 10 days.
I he balance between the growth rates of the primary and the newly formed root system are discussed 
and related to the differential tolerance of the Rumex  species to transient flooding.
Introduction
Under hypoxic conditions root growth ceases, as 
the oxygen concentration near the root apex 
rapidly reaches values below the Critical Oxygen 
Pressure for Extension growth (C O P E ) (Arm-
strung and Webb 1985). In addition, ion uptake
t
is strongly reduced (D eD atta  1985; Drew and 
Sisworo, 1979; John et al., 1974; Thomson et al., 
1989; Trought and Drew, 1980b). These p ro­
cesses result in the reduction of plant growth rate 
(Buwalda et al., 1988; Drew and Sisworo, 1979; 
brought and Drew, 1980a). Plants can overcome 
these adverse effects by formation of aeren­
chyma that can restore oxygen supply (A rm ­
strong, 1979; Laan et al., 1989a, 1990).
Rumex  species occur in the river foreland 
ecosystem, where they infrequently encounter 
transient flooding (Blom et al., 1990). In their 
response to flooding, Rumex  species develop 
new roots (Laan et al., 1989a, b). The flood- 
tolerant species develop aerenchyma in new 
roots that enable the plants to facilitate the 
diffusion of oxygen to relieve the oxygen de­
ficiency of the root system (Laan et al., 1990; 
Laan and Blom, 1990). Thus, the extension rate 
of the new root system ultimately determines the 
flood tolerance of the particular species.
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The developm ent of new roots takes some 
time, so the plant must rely upon the primary 
root system during the initial period after flood­
ing. Also primary roots of flood-tolerant species 
are better adapted towards hypoxic conditions 
than those of intolerant species (Laan et al., 
1991).
In the present study we investigated the 
growth responses of three Rumex  species to dif­
ferent solution oxygen concentrations. The 
growth rates of primary and newly formed roots 
were determ ined under alternating aerobic and 
anaerobic hydroculture conditions. In this way a 
transient flooding situation was simulated. In 
doing so it is possible to investigate whether the 
regrowth capacity of the primary roots, and the 
‘turnover-efficiency' from the old to the new root
J
system were related to the flood tolerance of the 
species.
Materials and methods
Plant growth at different solution oxygen 
concentrations
Seeds of R. maritimus L., R. crispus L. and R. 
thyrsiflorus Fingerh. were collected from plants 
in the river forelands near Nijmegen, The 
Netherlands. These were sown in trays contain­
ing black polyethylene grains (Stamylan LD, 
DSM, The Netherlands). The trays were filled 
with a 5-strength Hoagland's solution (Hoagland 
and A rnon. 1950) until total submergence of the 
grains. After germination (16 h light (Philips TL- 
33) at 60 ¿imol m ~2 s _1, 25°C and 8 h dark, 
15°C), the trays were transferred to a constant- 
tem perature  room (16 h fluorescent light at 
200 fim o\  m ” s~ l, 8 h dark, tem perature 25°C, 
R .H . 70% ). The plants were allowed to grow for 
another 1-2 weeks. Then the seedlings were 
carefully transferred to black polyethylene pots 
(volume 1.5 L, 4 plants per pot), filled with 
nutrient solution, which was kept air-saturated 
by bubbling with air. Each plant was sealed into 
the air-tight lid with modelling clay. The nutrient 
solution was restored to the original level every 
two days, and replaced once a week.
A fter one week the root system was com plete­
ly covered with active charcoal powder to be
able to distinguish old roots from those newly 
formed. The plants were grown under different 
solution oxygen concentrations, using gas blen­
ders (H I-T E C  model E55N3). After 10 days, the 
length of the longest new root and the total 
length of newly formed root material were mea­
sured. Dry weights of newly formed root materi­
al, and of the rem ainder of the plants were 
determ ined after 24 h (70°C).
Growth o f  roots during alternating aerobic and 
anaerobic conditions
Plant growth
Plants were grown as described above in a mod­
ified -[-strength Hoagland's solution containing
1.0 m M  K N O ,,  1.0 m M  N a N 0 3 and 0.5 mM 
K H ^ P 0 4 instead of 1.5 mM  K N 0 3 and 0.75 mM 
N H 4H , P 0 4 in a tem perature  room (16 h light 
(Sylvania F36W -GRO, 150 ¿xmol m 2 s 1), 8 h 
dark; tem perature  25°C, R .H . 70% ).
Experimental setup
A two- to three-week-old plant was carefully 
transferred to a cuvette consisting of two glass 
plates of width 0.2 m and height 0.6 m. These 
were fixed together with 4-mm-thick glass strips. 
The space between the plates was filled with 
glass beads (diameter 4 mm). The cuvette was 
closed at the top with glass rods to minimize air 
contact. The system was placed at an angle of 
about 20° to allow the roots to grow towards the 
frontside. The bulk nutrient solution (10L con­
tainer), which could be kept aerobic or anaerobic 
by bubbling through it either air or nitrogen gas, 
was circulated from bottom to top through the 
cuvette by an aquarium pump (Eheim  1016, 1 L 
h 1). The whole system was blackened to pre­
vent growth of algae. M easurements were star­
ted after about one week, when the longest roots 
had reached a length of 70-100 mm.
Growth measurements
Root growth was measured by marking the posi­
tions of the apices twice a day on a transparent 
sheet fixed to the frontside of the cuvette. 
Growth rates were checked by measuring in­
dividual roots during a few hours with a travel­
ling Vernier microscope (accuracy 0.01 mm, Pre­
cision Tools and Instruments, U K ). Growth of
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new ly formed roots was recorded as soon as 
d e te c ta b le .  The time of root initiation was then 
calculated by assuming the growth rate of these 
laterals to be constant until then. Roots were 
registered  dead when growth rate had reduced to 
zero , and the apex had turned brownish or 
black. Average growth rates were calculated by 
measuring the distances between the markings 
on the sheet of 5 to 7 representative roots.
Results
Plant growth at different solution oxygen 
concentrations
At low solution oxygen concentrations, root 
growth of all species was restricted, but to differ­
ent extents. A sharp decrease in root length was 
recorded  below concentrations of 2% (Table 1). 
R. thyrsiflorus suffered most severely during 
hyp oxic , or even anoxic conditions in the root
environm ent: primary roots ceased growing and 
died, and only few, slow-growing new roots de­
veloped. Also plant biomass was lowest at solu­
tion oxygen concentrations of 0 and 1% in R. 
thyrsiflorus, but hardly affected in both R. 
maritimus and R. crispus. With these two latter 
species, highest biomass production was found at 
2% 0 2 (Table 1). In all cases root growth and 
biomass production was higher at 10% than at
21% O z.
Within the experimental period, new root m a­
terial was formed. At higher solution oxygen 
concentrations new root material was mainly 
produced because of the continued growth of the 
already existing roots. But with decreasing oxy­
gen concentrations new roots developed (Fig. 1). 
This was especially true for R. crispus and to a 
lesser extent also for R. maritimus, but virtually 
no new roots were formed in R. thyrsiflorus. 
These differences are reflected in the total length 
of new root material formed after 10 days (Table
1). The largest increases were observed at low
Table 1. Effect of different solution oxygen concentrations on root growth and biomass production 
for 10 days; means of 32 replicates ±SE; data as a percentage of controls = 21% (v:v) O,)
(growth of 5-week-old plants
S p e c ie s / Root length Biomass
I ( ) I /  ^V \f • \/\V 'O V . V f
Longest Total length of Newly formed Plant
new root newly formed laterals laterals
R. thyrsiflorus
21 198 ± 12 mm = 100% 314 ±22  mm = 100% 3.1 ± 0 .3  mg = 100% 0.17 ± 0.01 g = 100%
10 154 ± 6 187 ± 17 180 ± 19 133 ± 14
4 120 ± 5 125 ±  12 93 ±11 90 ± 5
86 ± 6 114 ± 9 90 ± 12 101 ± 9
1 9 ± 2 19 ± 4 17 ± 5 56 ± 7
() 12 ± 1 31 ± 4 26 ± 5 56 ± 7
R. crispus
21 294 ± 18 mm =  100% 355 ± 28 mm =  100% 3.4 ± 0 .4  mg =  100% 0.19 ± 0.02 g = 100%
10 102 ± 6 174 ± 12 200 ± 26 151 ± 11
4 91 ± 4 202 ± 14 179 ± 15 109 ± 10
84 ± 3 381 ± 2 421 ±35 164 ± 9
i 43 ± 3 208 ± 16 291 ±29 128 ± 10
0 37 ± 3 139 ± 11 171 ± 18 89 ± 5
R maritimus
21 132 ± 8  mm =  100% 199 ± 12 mm = 100% 1.3 ± 0.3 mg = 100% 0.06 ± 0.01 g = 100%
10 100 ± 3 109 ± 7 169 ± 46 134 ± 10
4 90 ± 4 117 ± 21 154 ± 46 116 ± 11
¿m 95 ± 5 114 ± 13 192 ± 15 140 ± 11
1 57 ± 2 136 ± 20 269 ±  77 113 ± 11
0 58 ± 3 98 ± 19 169 ± 54 96 ± 8
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Fig. I. Build-up of the Rumex root system. Left: View of the 
root system of R. maritimus after 3 weeks of Hooding in sand. 
Right: Schematic representation of the build-up of the root 
system after anaerobic hydroculture conditions. Root type 1, 
tap root; 2, primary lateral roots; 3, newly formed lateral 
roots, developed in response to hypoxic or anoxic conditions.
solution oxygen concentrations in R. crispus and 
R. maritimus , whereas a sharp decrease was 
recorded in R. thyrsiflorus below 2%  0 2.
New' roots, formed in response to low solution 
oxygen concentrations could easily be disting­
uished from the primary ones (Fig. 1). They 
were unbranched and due to the formation of 
aerenchyma (Laan et al., 1989a), their diameter 
was much higher (Table 2). Since the more 
efficient response of the iiood-tolerant R. 
maritimus and R. crispus was mainly due to the 
development of large numbers of these newly 
formed lateral roots, they are expected to have a 
higher growth rate than the primary ones. The 
balance between the turnover from primary to 
new roots with respect to growth was, therefore, 
further investigated.
I able 2. Root diameter (in mm) of primary and newly 
formed lateral roots of Rumex species measured 20 mm 
behind the root apex (means of 15-20 replicates ±SD)
Species Primary Newly formed
laterals laterals
R. thyrsiflorus 0.38 ±0.01 0.62 ±0.04
R. crispus 0.65 ±0.09 0.72 ±0.02
R. maritimus 0.43 ±0.06 0.84 ± 0.04
Growth o f  roots under alternating aerobic and 
anaerobic conditions
With all these Rumex  species, anaerobic condi­
tions in the rooting medium ultimately resulted 
in the cessation of the growth of the primary 
roots (Fig. 2). Growth rates of primary roots of 
R. thyrsiflorus and R. crispus were reduced
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Fig. 2. Growth rates of primary ( • )  and newly formed (0) 
lateral roots of Rumex species upon alternating aerobic (□) 
and anaerobic (■ )  conditions: (A) R. thyrsiflorus, (B) R- 
crispus and (C) R. maritimus (means of 5-7  replicates ±SE; 
arrow indicates origin of new root formation, * indicates 
death of primary lateral roots; age of the plants at the start of 
the experiment 3-4  weeks).
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rapidly after the onset of anaerobic root condi­
tions and most roots had ceased growth com ­
pletely after 48 and 56-80 h, respectively (Fig.
2). In R . maritimus , however, growth reduction 
could not be observed until 90-100 h after the 
onset of anaerobiosis and complete growth re­
duction of the primary lateral roots was reached 
after about 170 h. Growth of these primary later­
als could not be recovered throughout the 
anaerobic trea tm ent and in R. thyrsiflorus most 
roots had died after 240 h (Fig. 2).
With all species, new roots developed after 
growth of the primary roots was reduced, but 
their initiation time differed. In the case of R. 
thyrsiflorus, new, slow-growing roots could not 
he observed until the primary roots had ceased 
growing for 65 h. In R. crispus, new root form a­
tion coincided with complete growth reduction of 
most of the primary roots and their initial growth 
rate was also rather low (Fig. 2). With R. 
maritimus, however, new roots began to grow 
when primary roots showed a reduction in 
growth rate, but had not yet ceased to grow. 
This was about 14 h before the reduction to zero 
of the growth of the primary roots. Next to this, 
these roots showed higher initial growth rates 
than the primary ones.
With increasing length, new roots also showed 
growth reduction under these experimental con­
ditions and 230 h after the onset of anaerobiosis 
the short, newly formed roots of R. thyrsiflorus 
had stopped growth completely. Growth reduc­
tion due to increasing length of R. maritimus 
roots coincided with the formation of new roots, 
again with a high initial growth rate.
Upon restoration of aerobic conditions, 
growth rates of the new roots were strongly 
increased (Fig. 2) to 2-2 .5  mm h ” 1 in R. crispus 
and R. maritimus. This was much higher than 
their initial growth rates and also than those of 
primary roots under aerobic conditions. A ppar­
ently, anaerobic conditions in the cuvette were 
so severe that even growth of the highly porous 
new lateral roots was inhibited. It is most likely 
that the high circulation rate of the nutrient 
solution withdrew oxygen from the roots, result­
ing in rather low apical oxygen concentrations.
Although growth of new R. thyrsiflorus roots was
0
increased upon a restoration of aerobiosis, the 
rate was still rather low (Fig. 2) and did not
exceed values obtained under the initial aerobic 
conditions. Growth of primary roots of both R. 
maritimus and R. crispus recovered after re­
newed aerobic conditions. The primary roots of 
R. thyrsiflorus were dead, and no regrowth oc­
curred.
Discussion
Although anaerobic conditions in the rooting 
medium finally resulted in a complete cessation 
of growth of primary laterals of all species, it 
took much longer to fully reduce growth rates of 
R. maritimus roots compared to the other two 
species (Fig. 2). Also, maximal root length 
reached under low solution oxygen concentra­
tions was least affected in R. maritimus (Table 
1). This clearly reflects the differential root 
porosities and the concomitant ability to use 
internal aeration for satisfying root oxygen de­
mand (cf. Arm strong, 1979, Laan et al., 1989a,
1990). Since the porosity of the primary roots of 
R. maritimus is twice as high as that of R. 
thyrsiflorus and at least as high as that of R. 
crispus (Laan et al., 1989a, 1991), oxygen diffu­
sion via internal aeration will be higher in R. 
maritimus com pared to that in the o ther two 
species (Laan et al., 1990). Given that oxygen 
loss and respiratory characteristics of all three 
species is comparable (Laan et al., 1989b, 1991), 
the high porosity of R. maritimus will result in 
apical oxygen pressures that reach values below 
the critical oxygen pressure for extension growth 
(C O P E , A rm strong and Webb 1985) at larger 
length, and hence primary roots of R. maritimus 
will get longer than those of the other two 
species (cf. Laan et al., 1989b).
The differences in internal aeration may also 
account for the differential growth rates of the 
newly formed roots of the species. Due to the 
formation of aerenchyma, the new roots of R. 
crispus and R . maritimus , will have much higher 
porosity than the primary roots (Laan et al., 
1989a), thus providing oxygen conditions for 
high growth rates.
The total length of new roots formed after the 
onset of hypoxic or anoxic conditions was much 
higher in R. crispus and R. maritimus than in R. 
thyrsiflorus (Table 1). The high rate of new root
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formation may counteract the reduced growth of 
the primary root system and may explain the fact 
that biomass production under low solution oxy­
gen concentrations was less affected in R. crispus 
and R. maritimus than it was in R. thyrsiflorus 
(Table 1).
A facet which may distinguish between the 
tolerant and the intolerant Rumex  species under 
situations of transient flooding, is the regrowth 
capacity of the primary roots. Roots of both R. 
maritimus and R. crispus were able to recover 
growth after a 13-day anaerobic period, while 
those of R. thyrsiflorus died after 240 h (Fig. 2). 
In R. maritimus this is most likely due to the 
high porosity of the roots (Laan et al., 1989a,
1991), which enables internal oxygen diffusion to 
take place continuously (Laan et al., 1990). This 
must have been the case for R. crispus too. 
Notwithstanding its low fractional root porosity, 
as measured by photography (Laan et al., 
1989a), porosity of whole root systems, de ter­
mined by pycnometry, was as high as of R. 
maritimus (Laan et al., 1991). Also young, 
aerobically grown R. crispus plants were able to 
satisfy root oxygen demand via internal aeration 
at low oxygen concentrations, whilst the oxygen 
dem and of R. thyrsiflorus roots can not be satis­
fied via this process (Laan et al., 1990).
Since new root formation in both R. crispus 
and R. maritimus seemed to be somehow related 
to the functioning of the old root system, an 
intriguing question arises: W hat mechanism trig­
gers new root formation following anaerobiosis? 
In R. crispus new roots started growing out 
immediately after most of the primary roots had 
ceased growth. In R. maritimus outgrowth of 
new roots had started even before the complete 
growth cessation of primary roots (14 h, Fig. 2). 
Obviously, no efficient turnover from old to new 
roots was found in R. thyrsiflorus. It took almost
3 days for the first roots to originate. The ou t­
growth of new roots may be a function of growth 
reduction or cessation of the major part of the 
primary roots, for in earlier experiments with R. 
maritimus we never observed an outgrowth of 
new, aerenchymatous roots until growth of the 
primary ones had reduced severely.
It may therefore be speculated that a trigger, 
inducting new root formation is hormonally 
mediated. A possibility is that cytokinins, syn­
thesized in the root tips of the primary roots, act 
as a feedback inhibiting the growth of new roots. 
Such a mechanism was already suggested by 
Railton and Reid (1973) for tom ato plants. In 
this option, the same response can be suggested 
for all three Rumex  species, but with quantitative 
differences. Such a mechanism might more effi­
ciently function in those species that form a large 
num ber of roots with restricted length and high 
root turnover (in the field R. maritimus) than in 
species with fewer and longer roots (in the field 
R . thyrsiflorus).
Acknowledgements
The authors thank M J Berrevoets, I de Vries, M 
W esterbeek and J van Schie for technical as­
sistance.
References
Armstrong W 1979 Aeration in higher plants. Adv. Bot. Res. 
7, 225-332.
Armstrong W and Webb T 1985 A critical oxygen pressure 
for root extension in rice. J. Exp. Bot. 36, 1573-1582.
Blom C W P M ,  Bogemann G M, Laan P, Van der Sman A J 
M, Van de Steeg H M and Voesenek L A C J 1990 
Adaptations to flooding in plants from river areas. Aquatic 
Botany 38, 29-47.
Buwalda F, Barrett-Lennard E G, Greenway H and Davies 
D A 1988 Effects of growing wheat in hypoxic nutrient 
solutions and of subsequent transfer to aerated solutions. 
II. Concentrations and uptake of nutrients and sodium in 
shoots and roots. Aust. J. Plant Phys. 15, 599-612.
DeDatta S C 1985 Simultaneous and intermittent measure­
ment of K, Ca and N 0 3-ion absorption by intact bean 
plant ( Phaseolus vulgaris L.) in aerobic and anaerobic 
condition. Plant and Soil 84, 193-199.
Drew M C and Sisworo E J 1979 The development of 
waterlogging damage to young barley plants in relation to 
plant nutrient status and changes in soil properties. New 
Phytol. 82, 301-314.
Hoagland D R and Arnon D I 1950 The waterculture method 
for growing plants without soil. Circ. Calif. Agricult. 
Exptl. Station 347. University of California, Berkeley.
John C D, Limpinuntana V and Greenway H 1974 Adapta­
tion of rice to anaerobiosis. Aust. J. Plant Physiol. 1, 
513-520.
Laan P. Berrevoets M J, Lythe S, Armstrong W and Blom C 
W P M 1989a Root morphology and aerenchyma formation 
as indicators of the fiood-tolerance of Rumex species. J- 
Ecol. 77, 693-703.
Growth o f  Rumex roots under hypoxic conditions 151
Laan P. Smolders A, Blom C W P M and Armstrong W 
1989b The relative roles of internal aeration, radial oxygen 
losses, iron exclusion and nutrient balances in fiood-toler­
ance of Rumex species. Acta Bot. Neerl. 38, 131-145.
Laan P and Blom C W P M 1990 Growth and survival 
responses of Rumex species to flooded and submerged 
conditions: The importance of shoot elongation, underwa­
ter photosynthesis and reserve carbohydrates. J. Exp. Bot. 
41, 775-783.
Laan P, Tosserams M, Blom C W P M  and Veen B W 1990 
Internal oxygen transport in Rumex species and its signifi­
cance for respiration under hypoxic conditions. Plant and
Soil 122, 39-46.
Laan P. Tosserams M, Huys P and Bienfait H F 1991 Oxygen 
uptake by roots of Rumex species at different resistance 
and enzyme kinetics. Plant, Cell Environ. 14.
Railton I D and Reid D M 1973 Effects of benzaldehyde on 
the growth of waterlogged tomato plants. Planta 111, 
261-266.
Thomson C J, Atwell B J and Greenway H 1989 Response of 
wheat seedlings to low 0 2 concentrations in nutrient solu­
tion. II. K ‘/Na selectivity of root tissues of different age. 
J. Exp. Bot. 40, 993-999.
Trought M C T and Drew M C 1980a The development of 
waterlogging damage in young wheat plants in anaerobic 
solution cultures. J. Exp. Bot. 31, 1573-1585.
Trought M C T and Drew M C 1980b The development of 
waterlogging damage in wheat seedlings ( Triticum aestivum 
L.). II. Accumulation and redistribution of nutrients by the 
shoot. Plant and Soil 56, 187-199.
